Abstract-Two-channel SAR-GMTI systems are suboptimal for moving target motion parameter estimation. Indeed, the ATI phase estimate of the across-track velocity component for a moving target is biased to lower values depending on the target signal to clutter ratio and the target across-track velocity. Additional antenna diversity can introduce additional degrees of freedom that can eliminate the bias problem. Aperture switching is an accepted method to virtually increase the number of channels without adding new hardware. One such mode is the RADARSAT-2 Toggle mode [1]. This paper proposes a new processing method to create a similar effective phase center configuration as the RADARSAT-2 Toggle mode from already recorded two-channel SAR data. This is achieved by delaying and combining the recorded two-channel measurements. The combination operation manifests not only a third phase center halfway between the phase centers of the two-channel system, but also a different antenna length of the virtual third antenna which requires a modification of the DPCA-ATI processing algorithm. The DPCA-ATI performance of the new mode is assessed and compared to ATI from the original two-channel mode.
I. INTRODUCTION
In a synthetic aperture radar (SAR) image moving target signals appear at a shifted azimuth position and hence, interfere with the clutter signal at this position. The azimuth shift is dependent on the target across-track velocity component. The challenge in target motion parameter estimation is to first suppress the clutter signal at the same azimuth position and then estimate the target across-track velocity of the moving target. Two-channel SAR ground moving target indication (GMTI) systems are suboptimal, because in a linear processor there exists only one degree of freedom that can be used either for clutter cancellation or for parameter estimation, but not both. For example, clutter increasingly biases the two-channel along-track interferometry (ATI) phase estimate as the signalto-clutter ratio (SCR) decreases [4] . Additional antenna diversity (three or more antennas) can introduce additional degrees of freedom which allow combined clutter cancellation and parameter estimation. In the three antenna case, one proposed method combines displaced phase center antenna (DPCA) for clutter suppression with along-track interferometry (ATI) for across-track velocity estimation.
Aperture switching is an accepted method to virtually increase the number of channels without adding new hardware. The basic idea is to generate additional antenna phase centers by alternating, from pulse to pulse, the transmit and/or receive antenna configurations. One such mode is the RADARSAT-2 Toggle mode [1] which alternates between fore and aft antenna on transmit while receiving with both antennas. This method generates two phase centers at the real antenna phase center positions of fore and aft antenna as well as a phase center halfway between the two antennas.
This paper proposes a new processing method to create a similar effective phase center configuration as the RADARSAT-2 Toggle mode from already recorded twochannel SAR data. This is achieved by delaying and summing the recorded two-channel measurements. The combination operation manifests a third phase center halfway between the phase centers of the two-channel system, but it introduces also a different antenna pattern weighting of the medium channel signals due to the double length of the virtual third antenna. This requires a modification of the DPCA-ATI processing algorithm.
The outline of the paper is as follows: In section II the moving target signals of fore and aft channel are derived as well as the signals of the clutter at the azimuth displaced position, which is from now on called the corresponding clutter signal. Then the sum channel signals of moving target and corresponding clutter are derived. Section III analyzes the impact of the SAR processing on the real data signals as well as the sum channel signals. Finally, in section IV the moving target parameter estimation using a DPCA-ATI combination is compared to estimation using classical ATI for the two-channel data.
II. SAR RAW DATA SIGNALS
Let us assume without loss of generality that a moving target at azimuth position x 0 = 0 m relative to the zero azimuth position of the aft channel and slant range position y 0 is moving with along-track velocity v x and slant range acrosstrack velocity v y while the platform is moving with velocity v p . The fore channel is displaced in the along-track direction by d ahead of the aft channel. The range histories R(t, x d ) versus time t of the SAR raw data are then:
where x d = 0 for the aft channel, and x d = d for the fore channel. A second order Taylor approximation around t = 0 s yields:
where
Quadratic completion of the range histories and the fact that the SAR signal is s(t) = w(t) · exp(−j2βR(t)) results in the following equation for the moving target SAR raw data signal s(t, x d ):
where w(t) is an arbitrary antenna pattern weighting, β is the wavenumber, ∆t = −y 0 v y /v 2 rel , and
Taking into account that v p ≈ v rel , (3) and (4) show that the quadratic part of the phase history of a moving target signal is equal to the quadratic part of the phase history of the corresponding clutter signal. The moving target signals differ in a constant phase factor exp(jβdv y /v e ) between the fore and aft channels. By using the Doppler frequency representation of stationary targets, (see [8] ) and the time domain representation of (3) along with some elementary Fourier Transform properties, the moving target SAR raw data signal in the Doppler domain can be written as
, ∆f = −2v y /λ is the Doppler frequency shift due to the target across-track motion v y , and
III. SAR PROCESSING OF REAL AND SUM CHANNEL SIGNALS
One can write the frequency domain representation of the signals of the two-channel system as a vector
where ⊗ denotes element-wise multiplication (or the Schur product). For stationary clutter, v y = 0. The SAR processing filter with candidate across-track velocityv y , and ∆f = −2v y /λ can be written as
In order to generate the sum channel, we construct the matrix
The calibration of the fore and aft channel to the sum channel can be expressed as follows:
(10) with C 1 = πd/(2v e ). The calibrated signal becomes
. Coregistration can be achieved pre-multiplying with the matrix
In the case of identical antenna patterns, R(f, ∆f, ∆f ) = R(f, ∆f, ∆f ), and one can write
By introducing the frequency average and difference variables f 1 = (∆f +∆f )/2, and f 2 = (∆f −∆f )/2, one can write the expression for the Doppler representation of the compressed SAR signals as
When the antenna pattern A(f ) has either even or odd
, one can see that the envelope of the middle antenna is the reflection of the envelope of the fore and aft antennas. Let us denote the frequency envelope of the fore antenna as
One can now express (14) as
where 
where F −1 {P (t)} = p(t), and C 4 (t) = C 2 exp(j2π(t +
, however, the middle channel envelope is the reflection of the fore and aft envelope. When the SAR data are properly focussed one expects p(t) to be narrow to achieve the high resolution of a SAR. However, some phase spreading of the DPCA-ATI signal may occur due to a non point-like impulse respone, especially when an incorrect Doppler rate is used to process the moving target.
In figure 1 the absolute values of the SAR raw data signals are shown before (top) and after antenna pattern calibration (bottom), where the antenna pattern calibration is adapted to the moving target signal. Because the antenna patterns of moving target and corresponding clutter are shifted against each other in Doppler frequency, the calibration which is required to equalize the corresponding clutter fore and aft channel signal patterns to the medium channel is different from the calibration that is required to equalize the moving target signal patterns. 
IV. TARGET MOTION PARAMETER ESTIMATION WITH DPCA-ATI VERSUS ATI
The ATI signal is the sum of the target signal with power S and phase θ and the corresponding clutter signal with power C and zero ATI phase. The angle difference α between the target signal ATI phase θ and the sum signal ATI phase can be derived by application of the cosine rule and results in:
.
(17) The ATI phase bias α versus SCR and target velocity is shown in figure 2 . The phase bias is low for SCR larger than 10 dB. For SCR smaller than 0 dB the ATI phase is strongly biased such that any target velocity results in an ATI phase close to the clutter ATI phase. 
A. Simulations
In figure 3 a simulation result for the Canadian airborne experimental two-channel radar system CV 580 is shown where a moving target with radial velocity v y = 3 m/s and its corresponding clutter signal are overlaid and the azimuth focussing is matched to the target velocity. The top left image shows the unbiased target ATI signal of the two-channel system, the bottom left image shows the clutter plus target ATI signal when SCR = 0dB. The clutter interference causes an ATI phase bias of 41
• as was expected from (17). The top right image shows the target DPCA-ATI signal, which is generated by use of the sum channel as the third channel. The expected target phase is half the phase of the ATI signal. The same phase is also obtained in the target plus clutter case for the DPCA-ATI processing as can be seen in the bottom right image.
B. Real Data Results
Real data collected by the Canadian airborne experimental radar system CV 580 in November 2000 also provide a good example of the advantages of the synthetic antenna diversity technique. A target that has about a 10 log 10 (6) = 7.8 dB SCR is illustrated in an ATI polar plot in figure 4 on the left. The corresponding DPCA-ATI polar plot is seen on the right. The phase of the DPCA-ATI signal should be half the phase of the unbiased ATI signal. The figures show that this is approximately so. In the right image the absence of clutter can clearly be seen. Careful examination reveals that the DPCA-ATI signal should yield a higher velocity estimate than the ATI phase. For the target under examination, with SCR = 7.8 dB, and an estimated ATI phase of θ bias = 45
• (from figure 4 on the left) one expects that the true ATI phase should be 52
• and the true DPCA-ATI phase 26
• . The DPCA-ATI estimate yields an estimate of 26.4
• . In figure 5 DPCA-ATI and ATI are compared in an iterative estimation procedure using measured data collected in 1999 by the CV 580. The matched filter for azimuth compression in iteration n + 1 is adapted to the across-track velocity, which was estimated in the n th iteration. In the DPCA-ATI procedure a synthetic channel is generated and DPCA-ATI is accomplished as is described in section III. In the classic ATI procedure the data of the two-channel system are calibrated with the digital channel balancing technique from [6] , while in the ATI procedure the two-channel data are calibrated by use of the measured antenna patterns. In the left image the phase measurement was achieved by summing and averaging all data in an area including the target with amplitudes not less than 5 dB below the maximum target amplitude value. In the right image the phase measurement was achieved by summing and averaging all data in an area including the target with amplitudes not less than 10dB below the maximum target amplitude value. In the 10 dB case, one expects more clutter interference. The results show that the classic ATI technique and the ATI technique using the measured antenna patterns for calibration both yield target velocities that are too low. This is the case even more when the averaging is extended to lower amplitude values as can be seen in the right image. The DPCA-ATI procedure is not affected by the choice of the threshold. In figure 6 a low SCR example from real data collected by the CV 580 in 2000 is shown, where in the top left ATI image the target signal cannot be identified. The target SCR is low in this case because the target matched filter is not matched in Doppler centroid to the moving target -it is matched to the stationary clutter. The signal can be identified in the DPCA image on the right. On the bottom the iterative estimation procedures are shown. While the classic ATI and the ATI procedure using the measured antenna patterns for calibration yield velocity estimates close to zero velocity, the DPCA-ATI procedure achieves the correct velocity estimate. Due to the high clutter impact the ATI performance is no more influenced by the threshold as can be seen from a comparison of the bottom left and right images.
V. SUMMARY This paper suggests a new mode for processing two-channel SAR data in order to estimate the velocity of moving targets. A third phase center is generated by summation of the fore and aft channel data, which allows then DPCA-ATI processing. However, the synthetic channel manifests not only a third phase center which allows the clutter suppression, but also a different antenna pattern weighting. Calibration must properly account for the modified antenna pattern though some phase spreading of the DPCA-ATI signal is inevitable. The mode is compared to ATI, a classical method for estimating the moving target velocity in two-channel SAR-GMTI. It is shown, conclusively, via simulations and analysis of measured data that a clutter free velocity estimate can be made which offers an improvement over the clutter biased estimate provided by classical ATI.
